Benchmarks
The display of foreign proteins on the surface of viruses or cells provides a tool for the analysis and design of biomolecules and their interactions. Phage display of foreign proteins has been an established technology for over a decade, but since it is a prokaryotic expression system, there are limitations (e.g., in glycosylation and the folding of complex proteins). Eukaryotic display, such as baculovirus display, makes the expression of these complex, glycosylated proteins possible (1) (2) (3) (4) (5) (6) . The potential of baculovirus display for the generation and screening of a eukaryotic expression library (7) or for the production of monoclonal antibodies (8) has also been demonstrated.
Two distinct envelope fusion proteins are identified in baculovirus budded virions (BV). GP64 is the major envelope fusion protein of group I nucleopolyhedrovirus (NPV) BVs, which mediates low pH-triggered membrane fusion (9) and is necessary for efficient budding of BVs from the surface of infected cells (10) . An unrelated but functionally analogous type of envelope fusion protein, named F, is encoded by group II NPVs, such as Spodoptera exigua multiple-embedded NPV (SeMNPV) and Lymantria dispar MNPV (LdMNPV) (11, 12) . Like GP64 homologous proteins, F proteins mediate low pH-dependent membrane fusion during BV entry (12, 13) . The open reading frame (ORF) 133 (Ha133) of Helicoverpa armigera single nucleocapsid NPV (HearNPV) encodes an F protein that is posttranslationally cleaved, and the two cleavage fragments-the 59 kDa transmembrane anchored F 1 and the 20 kDa F 2 , which remain associated by a disulfide bridge-are responsible for virus entry into the host cells and efficient virion budding (14) . For display, it is sufficient to fuse the heterologous peptide to the N terminus of gp64 or to the gp64 transmembrane domain (1) (2) (3) (4) (5) . In this report, we describe the successful development of an alternative eukaryotic display system based on the F protein of HearNPV.
A novel surface display system with HearNPV was developed using the ha133 gene encoding the surface glycoprotein F (or Ha133) by using the HearNPV Bac-to-Bac ® system (Invitrogen, Carlsbad, CA, USA). Several donor plasmids were generated for insertion of genes into the HearNPV bacmid (HaBacHZ8) by Tn7-mediated transposition (15) . All donor plasmids contain a green fluorescent protein (GFP) reporter gene under the control of the p10 promoter and an f-gst fusion gene with the 183-bp HearNPV ha133 promoter. According to the main functional domains of Ha133 (14), we chose two sites for insertion of the marker gene glutathione S-transferase (GST): one site between the signal peptide and the mature protein, and the other between the F 1 and F 2 domains.
To get the fusion fragment of gst and f genes, we synthesized the f gene (or ha133) into four fragments (Ha133-1, Ha133-2, Ha133-3, and Ha133-4) by PCR with HearNPV G4 genomic DNA as template. The Ha133-1 fragment, including the 183-bp ha133 promoter and the signal peptide [1-29 amino acids (aa)], was amplified with primers surf-1 and surf-2 ( Table 1) . The Ha133-2 fragment containing the F 1 (174-677 aa) and F 2 (30-173 aa) domains of Ha133 was amplified with primers surf-3 and surf-4 ( Table  1 ). The Ha133-3 fragment, including the 183-bp ha133 promoter, the signal peptide (1-29 aa), and the F 2 domain (30-147 aa) of Ha133, was amplified with primers surf-1 and surf-5 ( Table  1 ). The Ha133-4 fragment, which is the F 1 domain (148-677 aa) of Ha133, was amplified with primers surf-6 and surf-4 ( Table 1 ). The GST gene was obtained by PCR from plasmid pGEX-3X with primers GF and GR (Table 1 ). All PCR products were cloned into pGEM ® -T Easy vector (Promega, Madison, WI, USA) and verified by sequencing.
The fragments Ha133-1, GST, and Ha133-2 were inserted into pFast™Bac1 (Invitrogen) and produced the plasmid pFBI-GSTHaF-I. Another plasmid pFBI-GSTHaF-II was constructed in same method by insertion of the fragments (Ha133-3, GST, and Ha133-4) into pFastBac1. Then the GST-HaF fusion cassette from the plasmid pFBIGSTHaF-I and pFBI-GSTHaF-II as a BamHI (blunt)-HindIII fragment was subcloned into the Bst1107I (blunt) and Benchmarks plasmids pFBDeGFP-GSTHaF-I and pFBDeGFP-GSTHaF-II, respectively. pFBDeGFP was a derivate of pFastBacDual (Invitrogen) by inserting the coding sequence for enhanced GFP (EGPF) as a SmaI-KpnI fragment downstream of the p10 promoter. The two final donor plasmids mediated insertion of genes into the HearNPV bacmid by Tn7-mediated transposition to generate the bacmids Ha-GSTHaF-I and Ha-GSTHaF-II, respectively ( Figure 1 ). HzAM1 cells were transfected with Ha-GSTHaF-I and Ha-GSTHaF-II DNA and detected GFP-expression signal at 3 days posttransfection. The supernatant from Ha-GSTHaF-I transfectional Hz-AM1 could infect and amplify in Hz-AM1 cells. However, no GFP signal was detected in the cells treated with the transfectional supernatant of Ha-GSTHaF-II even after multiple attempts. The result indicates that the Ha-GSTHaF-II bacmid could not generate an infectious virus. This might be due to the GST fusion at the C terminal of the F 2 domain interfering with the disulfide bridge between the F 2 and F 1 domain, which is responsible for virus entry into the host cells and efficient virion budding. The infectivity of Ha-GSTHaF-I was further analyzed. The titer of Ha-GSTHaF-I was 1.2 (±0.24) × 10 7 plaque-forming units (pfu)/mL, which was similar to the wild-type virus [1.3 (±0.08) × 10 7 pfu/mL], and was stable in subsequent passages (data not shown). These results indicated that the insertion, which is in the site between the signal peptide and the mature protein, did not disturb virus propagation.
To determine whether the GST-HaF chimeric protein was incorporated into non-occluded virus particles, budded virions were harvested from infected cell cultures by centrifugation through a sucrose cushion. The samples obtained were analyzed by Western blot analysis (Figure 2) . Labeling with an anti-HaF 2 serum antibody (α-HaF 2 ) directed against the Ha133 F 2 fragment showed a protein of approximately 20 kDa in both vHa-GSTHaF-I and wild-type virus, representing the Ha133 F 2 protein ( Figure  2A ). In the vHa-GSTHaF-I budded viruses, another protein of about 47 kDa was present, which was also recognized by an anti-GST serum antibody (α-GST) ( Figure 2B ), representing the GST-F 2 fragment, which was the N-terminal of the fusion protein after being cleaved by furin. The wild-type HearNPV also showed an additional band of approximately 80 kDa, representing the intact F protein (Ha133), which is not cleaved as in previous reports (15) .
Immunofluoresence staining was performed in HzAM1 cells infected with vHa-GSTHaF-I. With a specific anti-GST serum antibody and with a second antibody conjugated to rhodanmine B, a strong red peripheral fluorescence was observed, which surrounded the cytoplasm and was located on the cell membrane ( Figure 2C ). In cells infected with the control G4 (wild-type HearNPV), we could not observe any red fluorescence in the cells or on their surface (data not shown). This indicated that the fusion protein was present on the membrane of infected cells.
HearNPV is a major pathogen of the cotton bollworm and has been widely used as pesticide to control the host in China. The ability of HearNPV to display F-GST fusion proteins offers the possibility of using this baculovirus as a vector for the production and display of target proteins on the viral surface. The purified virus particles displaying the cloned foreign protein on the viral envelope could be used directly for interaction studies without isolating the proteins. BVs were harvested from cells infected with either wild-type HearNPV G4 (G4) or vHa-GSTHaF-I (RE) and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blot analysis with (A) anti-HaF 2 serum (α-HaF 2 ) and (B) anti-GST serum (α-GST). (C) Immunoblot analysis of F-GST expression in infected Hz-AM1 cells by using an anti-GST antibody. Hz-AM1 was infected with vHa-GSTHaF-I at multiplicity of infection (MOI) of 10 and was examined under a confocal microscope. GST, glutathione S-transferase. 
